In this paper, we search for correlations between the intrinsic properties of galaxies and the Bose-Einstein condensate (BEC) under a scalar field dark matter (SFDM) at temperature of condensation greater than zero. According to this paradigm the BEC is distributed in several states. Based on the galactic rotation curves collected in SPARC dataset, we observe that SFDM parameters present a weak correlation with most of the galaxy properties, having only a correlation with those related to neutral hydrogen emissions. In addition, we found evidence to support of self-interaction between the different BEC states, proposing that in future studies must be considered crossed terms in SFDM equations. Finally, we find a null correlation with galaxy distances giving support to non-hierarchy of SFDM formation.
Introduction
In Λ cold dark matter paradigm (ΛCDM), the dark matter (DM) and dark energy (DE) a are the dominant components, being the 96% of our Universe, according to recent results from several observations. [1] [2] [3] [4] [5] [6] However, different evidence shows that DE only influences at cosmological scales, causing an accelerated rate of expansion in the Universe, while DM affects both, galactic and cosmological scales, being fundamental for the growth of structure.
a In this particular case, DE is modeled by a cosmological constant (CC).
Centering our attention on dark matter, some famous papers by Zwicky, [7] [8] [9] mark the first evidence b of a large velocity dispersion exhibited in Coma cluster, suggesting a lack of matter in galactic neighborhoods. Another important step in the study of DM comes from galactic rotation curves, being the arduous work done by different people, 10 culminated in the revolutionary studies performed by Rubin and Ford. 11 In this last case, it is shown a strong and undebatable evidence of missing matter in galaxies, what is later known as the problem of DM.
Until now, the preferred candidate (see 10 for other candidates) comes from some of the supersymmetric massive particles (SUSY), which meet the necessary characteristics to be the elusive dark matter and being the main ingredient in the ΛCDM model. However the inability of a direct detection of a SUSY particles and several problems in the ΛCDM model, like the overabundance of subhalos predicted 12 and the core-cusp problem in density profiles, [13] [14] [15] has led the scientific community to propose radicals new models to solve the DM problem.
Among the plethora of ideas, some of the most competitive models come from scalar fields, like axions 16, 17 or the ultralight SFDM. [18] [19] [20] [21] [22] [23] [24] [25] The axions are theorized as a solution to the strong CP problem in quantum chromodynamics with massed of m ∼ 10 −7 eV, meanwhile the SFDM consists in auto-interacting real scalar field whose particles with mass of m ∼ 10 −22 eV (fitted by cosmological observations 18 ) condensates forming a BEC in the very early stages of the Universe evolution.
18-21, 26
Other important characteristics of SFDM is that if the BEC is at temperature of condensation T crit = 0, 26 there will be only one state of condensation. In contrast, if it is considered a non-zero temperature of condensation T crit ∼ m −5/3 ∼ TeV, the BEC will be arranged in multiple states (multistate). It is notorious that the SFDM model has the characteristic that the haloes of galaxies do not form hierarchically, being the galaxies very similar between them. Indeed, it is expected well-formed galaxy haloes at high redshifts than in the ΛCDM model. In addition, it is expected no cusp in the center of galaxies and a reduced number of small satellites.
27 Some other SFDM benefits are highlighted by Robles and Matos 26 as follows: The concordance with the cosmological densities, the fit with the rotational curves of large galaxies and LSB galaxies, the compatibility with observations of the amount of substructure, are among the most important.
On the other hand, the ultra-light mass associated with the scalar field is its main problem, due to the inability to detect the particle directly at least with current technology. Finally, one interesting way of quantifying the interactions with baryons and DM is through the mass discrepancy-acceleration relation (MDAR) 28 which it is also applied to the SFDM case 29 in order to quantify the interactions of baryons with DM or SFDM.
Motivated by these ideas, this paper is devoted to study the multistate case of SFDM (BEC) at galactic scale. Accordingly, our aim is to search for correlations beb There is a discussion that Poincare was the first to notice this effect in galactic clusters (see 10 for details).
tween these SFDM multistate and the properties of the galaxies such as luminosity, radius, mass and other primordial characteristics of the galaxies. In this paper we start, defining the correlations as a linear dependence between two variables as it is later shown, in order to interpret, analyze and find coincidences between different galaxy properties and the SFDM model (see details in Sec. 2.2).
In this tenor, the study is carried out by performing a Markov Chain Monte Carlo (MCMC) Bayesian analysis with 175 galaxies collected in SPARC catalogue. 30 We focus mainly in the size of the halo, the total halo mass, the central density of the ground state, the central density of the excited states and the number of states, which are in the SPARC sample. For instance, notice that luminosity always have strong correlation with SFDM and it is the most studied characteristic of galaxies. Hence and as a complement, we search for evidence of other kind of correlations with the purpose of not having overlooked some critical details of SFDM.
We organize the paper as follows: In Sec. 2 we discuss a brief introduction to SFDM model, based on the most recent research in this vein. The previous section is divided into the following subsections, in order to detail our study. a) In Sec. 2.1 we present the density profile associated to SFDM and its corresponding rotation velocity, together with other important definitions like logarithmic slope and the logarithmic rotation curve. b) Also, in Sec. 2.2 we present the data sample and fits by using the MCMC method.
Our results and discussions are presented in Sec. 3 and finally the conclusions and outlooks are shown in Sec. 4.
Revisiting SFDM in galaxy dynamics
The SFDM model was born with efforts produced by Refs. 31 and, 18 creating the foundations of this novel paradigm to explain DM. However, these foundations were primarily cosmological and later applied to studies of galactic dynamics as shown in Refs.
26, 32-37
We start the revision, studying the Newtonian approach. In this case, the equation that must be solved can be written in the form:
where T C is related with the critical temperature, λ is the Compton wave longitude, T Φ = T (t f orm ), t f orm is the time in which the halo forms and δ corresponds to the perturbations to Einstein's field equations in the form δG µ ν = 8πGδT µ ν , from where is deduced Eq. (1) (see 26 for details). Therefore, the ansatz proposed for this case will be
where
being k j = jπ/R with j = 1, 2, 3 . . . is a parameter related to the radius of the SFDM halo R that considered common in all the multistates and also δΦ is the amplitude of the perturbation. Hence, with Eq. (2) and the equation of number density, it is possible to find:
is the density at r = 0 of the jth excited state, thus ρ(r) An important point to notice is that we expect that the sum of the states in Eq. (2) is also a solution of Eq. (1), because the superposition principle is maintained. In addition and as a first approximation, crossed terms are neglected in this study, following the same procedure of previous authors. 
SFDM rotation velocity and some important characteristics
From here, it is possible to present the velocity rotation of galaxies associated with the density profile shown in Eq. (4). In this vein, it is well known that the rotation velocity at Newtonian limit is related to the effective potential and is given by
where M(r) is the total mass which describes the galactic dynamics and can be written for SFDM as:
Using Eq. (5) and (6) we obtain the rotation velocity in the form:
where in both cases are for the jth excited state. In addition, the maximum in the rotation curve can be obtained with the following equation
here r max determines the first local maximum of the rotation curve velocity.
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Therefore, we consider V total as the sum of the gas V gas , disk V disk , bulge V bulge , and SFDM (halo) V SFDM components. In other words,
where Υ d and Υ b are the stellar mass-to-light ratio corresponding to the disk and bulge components respectively. In general they are functions of the radius; however in this study is considered to be constant: Υ d = 0.4 and Υ b = 0.7 (later we will discuss the consequences of a float Υ's). The latter term in Eq. (9) is described by the multistate of the SFDM density as show Ref. 26 Therefore, the general solution in the linear regimen for describing the DM component is given by the superposition of several states of the SFDM.
In addition, it is possible to define the logarithmic slope of a density profile and the rotation curve respectively as
obtaining for the jth state of the SFDM, the following expressions
In case that we are considering the total density as the sum of the N states, we would have
In addition and in similitude with, 34 the core radius can be defined as the radius at which the core begins, in such a way that its value R core is expressed by the equation
Following the above equation, it is possible to infer directly whether if the DM model profile is cored or cuspy.
Data sample and fits
In order to study the multistate SDFM profile in rotation curve of galaxies, we use the SPARC sample 30 containing 175 galaxies with different properties. Apart of galaxy rotation curves, the catalogue includes their properties such as distance, luminosity, among others. In Tab. 1 it is summarized the properties taken into account in this work. As was mentioned before, the focus is to search for correlations between these properties and the fitting parameters of the multistate SFDM model used to describe the DM component of the galaxies. Hence, the correlation coefficient between two variables X and Y is defined as
> is the variance of Z. Our procedure starts by getting the best fit of SFDM model to each galaxy data by using MCMC method, implemented in PyMC package, 39 that minimizes the merit-of-function log L ∼ χ 2 where:
representing with Θ the free parameters of the model, the observed velocity at the radial distance r i as V i obs and its uncertainty as dV i obs . Notice that the free parameters comes only from the DM component. The corresponding density at r = 0 per state and the radius R, that is the same for all the states. Therefore, using the following study presented in Ref.
40 to obtain stable state halos, the fit is constrained to the ratio between the mass of any excited state and the ground state mass to be less than 1.3.
For each galaxy, we generate 500 k chains with a burn-in of 3 k steps. The priors considered for all parameters are flat in the intervals 0.5 < R < 200 kpc, 10
for R and the i-state density, respectively. The criteria used to get the best DM profile is to select the one that the χ 2 /ndf is closest to 1. Also, we do not consider galaxies with χ 2 /ndf > 2. In Fig. 1 , we show some examples of fits by using SFDM model and NFW profile (red dashed line). With red solid line is plotted the best fit of multistate SFDM and its components with green color ( the ground state with circles, first excited state with crosses, the second excited state with a dashed line and third excited state with a dash-dotted line according to the case). On top figures are fitted by using one (left) and two (right) states of SFDM and on bottom ones were used three (left) and four (right) components of SFDM. . On top figures, data are fitted by using one (left) and two (right) states of SFDM and on bottom ones were used three (left) and four (right) components of SFDM. Black points with error bars are the total velocity, blue stars, up-triangles and circles correspond to disk, bulge and gas components respectively. The corresponding components of SFDM are (green color): the ground state with circles, the first excited state with crosses, the second excited state with a dashed line, and third excited state with a dash-dotted line.
Results
In order to study the linear correlation between galaxy properties and SFDM fitted parameters, we consider the DM model with up four SFDM states where the ground state is always presented. In this case, we expect that DM should occupy since the innermost states to outermost like occurs with electronic orbital states in atoms. Then we focus our attention in four cases: only ground state; ground state plus 1, 2 and 3 excited states, respectively. According to the best fit with χ 2 /ndf closest to 1, we classify the galaxies with respect to number of states. Table 2 shows the correlations between the galactic properties (see Tab. 1) and the parameters R, total mass M T and ρ i 0 , with i = 1, 2, 3, 4 states, respectively. In the following, we discuss the results obtained for each SFDM parameter. In general, most of the galaxy properties considered in this work are related to the luminosity. For instance, Tully-Fisher relation gives a method to measure the galaxy distance through the luminosity. 42 Hence, we extend this idea by searching correlation now between galactic properties related mainly with luminosity and halo parameters coming from SFDM model c . Halo size (R). The study of the correlation between R and the distance of the galaxies is maybe one of the most interesting correlation. When a null correlation exists, it may mean that DM halos size does not depend on the distance. According to our results presented in Tab. 2, we have a weak trend to exist a correlation; however it should come from the fact that far away galaxies are detected when they are luminous enough. In this vein, we can test this hypothesis by removing galaxies larger than 80 Mpc (low statistics in this region, see R vs D scattering in Fig. 5 ) to re-estimate this correlation, hence we found a correlation of 0.22 which is consistent with a null correlation.
Total halo mass M T . Due to the high correlation with the size of DM halo, we should have similar trends than R. In fact, we give a support of the null correlation between R and D. On the other hand, we also obtain a negligible correlation with D and i and a low correlation with R eff and Σ d . Finally, we find a moderate correlation with the rest of the galactic parameters.
In addition, we do not find correlation with i, R eff and Σ d . Also, in the region of low positive correlation are Σ eff , R d and V f , and with a moderate positive correlation are L [3.6] and Σ eff . Finally, we observe a high correlation with the variables related to the neutral hydrogen, M hi and R hi .
Furthermore, we estimate the R core based on expression (13) and we found the median value for the ratio R core /R per N state as: 0.3800 −0.01 , for N state = 1, 2, 3 and 4, respectively. Notice that we obtain the largest ratio for the ground state (N state = 1), and decrease when the number of states increase. This result is shown in Fig. 2 . Also, by using Eq. (12b) we obtain the values of β(R core ) per N state as it is presented in Fig. 3 as scattering distribution. It is notorious how the base states tend to cluster for values of β(R core ) < −0.2, while excited states tends to cluster for β(R core ) > −0.2.
Central density of the ground state (ρ 1 0 ). We find a low negative correlation between R eff and M hi , R hi , respectively and a null correlation with the other properties.
It is important to remark, an interesting strong correlation found, is within the densities of the states. Under the hypothesis of uncoupling states in the multistate SFDM model, we observe a considerable correlation of them. Further studies will be needed, taking into account such cross terms in the theory.
Central density of the excited states (ρ Number of states. Figure 4 shows the distribution of the galaxy distance vs. the number of SDFM states. The distance of the galaxies for N state = 3 is bounded in the region of 3 − 32 Mpc. Also, we establish a limit of the galaxy distance to be > 1.23, 3.47, 6.17, 3.89 Mpc for N state = 1, 2, 3, 4 at 95% CL, respectively. It could imply a positive relationship between these two variables. Finally, in Figs. 5 and 6 we show the scattering relation between the galactic properties shown in Tab. 1 and R classified according to the number of SFDM states. In an analogous way, it is presented in Figs. 7 and 8 their scattering with respect to ground state.
As a final comment, we compare the results of Υ b and Υ d fixed, with that they are floating. In general, we observe slightly fluctuation on the correlations, being the majority of the correlations preserved. It is also possible to notice that correlations close to limits between regions are sensitive to change.
In this vein, in Table 3 
Conclusions and Outlooks
We studied the multistate SFDM model for searching correlation between its parameters and galaxy properties. We focus our attention on the inclination parameter i with the aim to establish a null correlation region, where we do not expect a natural The first correlation that catches our attention, is the relation between the size of galaxy halo and galaxy luminosity. When we consider galaxies up to 80 Mpc distance, we have a null correlation between these variables; being supported by the correlation between D and halo mass. In addition, with higher statistics, we can give strong support to the fact that large galaxies are only observed at far away distances.
Other important features are the strong correlation with variables associated with the neutral hydrogen and the halo size, in this case we found that big size halos generate more presence of baryonic matter and in this particular case, more presence of neutral hydrogen.
In addition, our generalized results for the scalar field mass coincide with previous constrictions shown in the literature. So in general, associate more states to the study, generates a better fit to the value of the SFDM mass. Other observables that present low correlation, need more statistics, in order to confirm or refute the existence of such correlation. We also notice evidence of auto-interaction between the different SFDM states, suggesting that in future works it is necessary to consider crossed elements in the equation for the BEC and in the correlation analysis. Finally, due to the low statistics, we remark that the results presented are sensitive to changes, being necessary further studies with higher statistics to have a more precise correlations and confirm if our correlations are conserved. However, this is work that will be presented elsewhere. In all distributions, the number of multistates used to model the DM component is: One (red circles), two (blue up triangles), three (black crosses), and four (green down triangles).
